Active catalysts of sonoelectrochemically prepared iron metal nanoparticles for the electroreduction of chloroacetates  by Sáez, V. et al.
Available online at www.sciencedirect.com
Physics Procedia 00 (2009) 000–000 
www.elsevier.com/locate/procedia
International Congress on Ultrasonics, Universidad de Santiago de Chile, January 2009 
Active Catalysts of Sonoelectrochemically prepared Iron Metal 
Nanoparticles for the Electroreduction of Chloroacetates 
V. Sáeza,*, J. González-Garcíaa, F. Markenb
a Departamento de Química Física e Instituto Universitario de Electroquímica, Universidad de Alicante,
Ap Correos 99,03080, Alicante, Spain 
b Department of Chemistry, Bath University, Bath BA2 7AY, UK. 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
A new methodology for the sonoelectro-deposition and stripping of highly reactive iron at boron-doped diamond electrodes has 
been studied.  In aqueous 1 M NH4F iron metal readily and reversibly electro-deposits onto boron-doped diamond electrodes.  
The effects of deposition potential, FeF63- concentration, deposition time, and mass transport are investigated and also the 
influence of power ultrasound (24 kHz, 8 Wcm-2).  Scanning electron microscopy images of iron nanoparticles grown to typically 
20-30 nm diameters are obtained. It is shown that a strongly and permanently adhering film of iron at boron-doped diamond can 
be formed and transferred into other solution environments.  The catalytic reactivity of iron deposits at boron-doped diamond is
investigated for the reductive dehalogenation of chloroacetate. The kinetically limited multi-electron reduction of trichloroacetate 
is dependent on the FeF63- deposition conditions and the solution composition. It is demonstrated that a stepwise iron-catalysed 
dechlorination via dichloroacetate and monochloroacetate to acetate is feasible. This sonoelectrochemical methodology offers a 
novel, clean and very versatile electro-dehalogenation methodology.  The role of fluoride in the surface electrochemistry of iron 
deserves further attention. 
PACS: 82.45.Fk; 81.07.-b; 78.67.Bf; 43.35.Vz; 43.35.Ei 
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1. Introduction 
Boron-doped diamond has found a wide range of applications in electrochemistry due to its outstanding material 
properties [1].The intentional modification of the essentially inert boron-doped diamond surface has been employed 
in order to introduce specific catalytic activity for example with films or clusters of platinum [2], gold [3], TiO2 [4], 
RuO2 [5], cobalt oxide [6], and hydrous iridium oxide [7]. On the other hand, iron nanoparticles are known to be 
highly reactive and they have been employed in processes such as dehalogenation and remediation [8,9,10].  The use 
of iron nanoparticles deposited at electrode surfaces has been reported very rarely and the lack of this kind of 
approach has been pointed out in a recent review [11]. In part, this lack of study in this important field is due to the 
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high reactivity of iron deposits and the rapid formation of inert oxide coatings in aqueous environments. We have 
shown previously that hydrous iron oxide is bound very effectively onto and reduced at boron-doped diamond
surfaces [12]. However, the conversion of the oxide deposit to iron metal in aqueous media has not been previously
observed. This study addresses mechanistic aspects of the formation of iron nanoparticle decorated boron-doped
diamond electrodes and their reactivity. In order to study the deposition and stripping or iron, sonoelectrochemical
methods [13,14] with considerably enhanced mass transport are employed. The deposition procedure and the
demonstration of catalytic reactivity of iron deposits in this report will be of considerable future use, for example, in
electroanalysis or in iron-catalysed sonoelectrochemical dehalogenation and decontamination processes.
2. Results and Discussion
2.1. Electro-deposition and stripping of iron: Deposition potential and time effects
The effect of the deposition potential on the stripping peak feature is investigated. Linear scan voltammetry
experiments are performed with a 30s deposition time followed by a scan to positive potentials. Figure 1A shows
that the iron stripping peak is characteristically dependent on the deposition potential. The peak is first observed at a 
deposition potential of -1 V vs. SCE (with 30 s deposition) and a systematic increase is seen at more negative
deposition potentials. However, a complication arises at potentials negative of -1.6 V vs. SCE where the stripping
peak broadens. The reason for the broadening is currently unknown but it can be avoided in the presence of
ultrasound. In the presence of continuous ultrasound (24 kHz, 8 Wcm-2, 5 mm electrode to horn distance) a much
improved stripping peak is detected (see Figure 1B).  Due (at least in part) to fast mass transport in the presence of 
ultrasound the stripping peaks are typically 50-fold increased and highly symmetric even with more negative applied
deposition potentials. A mass transport limit for the iron deposition process is not reached even at potential as low as 
-2 V vs. SCE.
The plot in Figure 1C demonstrates the strong effect of ultrasonic agitation on the deposition process and the
continuing increase of the stripping response at more negative deposition potentials.  Next, the effect of the
deposition time has been investigated in the absence and in the presence of ultrasound. Figure 1D clearly 
demonstrates the effect of continuing deposition, in particular with fast mass transport. The iron stripping peak is
significantly further increased.  The optimized conditions were 600s sonoelectrochemical deposition at -1.5 V vs.
SCE in a solutions containing 10 μM FeF63- and 1 M NH4F.
Fig.1  (A) Linear scan voltammograms (scan rate 0.1 Vs-1, deposition potential (i) -1.0, (ii) -1.1, (iii) -1.2, (iv) -1.4, (v) -1.6, (vi) -1.8, and (vii) -
2.0 V vs. SCE, deposition time 30s) for the stripping of iron deposited in 10 μM FeF63- in 1 M NH4F at a 3 mm diameter boron-doped diamond
electrode. (B) Conditions as in (A) but with continuous 8 Wcm-2 ultrasound (5 mm horn to electrode distance) applied. (C) Plot of the peak
current for the iron stripping response versus deposition potential for (i) silent conditions and (ii) ultrasound conditions. (D) Plot of the peak
current for iron stripping versus deposition time for (i) silent conditions and (ii) ultrasound conditions.
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2.2. Electro-Deposition and Stripping of Iron: Concentration Effects
The effect of the iron concentration on the electro-deposition and stripping processes was investigated. Rather
than further reducing iron levels, here the effects of a higher iron concentration are explored. Figure 2A shows linear
scan voltammograms obtained after 30s deposition and for various levels of FeF63- concentrations. Overall a more
complex behaviour is observed although the stripping peak clearly increases with FeF63- concentration. Increasing
the FeF63- concentration initially results in a non-linear increase in the stripping peak current. However, at a 
concentration of 0.3 mM and higher the shape of the peak is changed and the stripping process appears to commence
already at a more negative potential.
Fig.2 (A) Linear scan voltammograms (scan rate 0.1 Vs-1,
deposition potential -1.5 V vs. SCE, deposition time 30s) for the
stripping of iron deposited in (i) 10, (ii) 40, (iii) 100, (iv) 200, (v)
300, (vi) 400, and (vii) 500 μM FeF63- in 1 M NH4F at a 3 mm 
diameter boron-doped diamond electrode. (B) Conditions as in 
(A) but with continuous 8 Wcm-2 ultrasound (5 mm electrode to
horn distance) applied. (C) Plot of the peak current for iron
stripping versus FeF63- concentration for (i) silent conditions and
(ii) ultrasound conditions.
Fig.3  (A) Cyclic voltammograms (scan rate 0.02 Vs-1) for the
reduction and re-oxidation of 10 μM FeF63- in 1 M NH4F at a 3 mm
diameter boron-doped diamond electrode (i) without and (ii) with 1 
mM trichloroacetate. (B) Conditions as in (A) and with (i) 1 mM,
(ii) 2 mM, (iii) 3 mM, (iv) 4 mM, and (v) 5 mM trichloroacetate
added and in the presence of continuous ultrasound (8 Wcm-2, 5
mm electrode to horn distance). (C) Cyclic voltammograms (scan
rate 0.02 Vs-1) for the reduction and re-oxidation of immobilized
iron at a 3 mm diameter boron-doped diamond electrode in 1 M 
NH4F in the presence of (i) 0 mM, (ii) 1 mM, (iii) 3 mM, (iv) 5
mM, (v) 7 mM, and (vi) 9 mM trichloroacetate.
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Closer inspection of Figure 2A shows that there is a distinct point at ca. -0.6 V vs. SCE where the current crosses 
from negative to positive. The presence of a higher concentration of FeF63- appears to enhance the electro-
dissolution kinetics for iron possibly due to interaction with the surface of the deposit. The overall mechanism for 
this process is currently not well understood and additional work for example with in situ quartz crystal 
microbalance mass sensors or spectro-electrochemical tools will be required to provide further insight into the
kinetics of iron electro-dissolution processes under these conditions.
2.3. Catalytic Reactivity of Electro-Deposited Iron Towards Trichloroacetate
Iron is a highly catalytic metal with applications in a wide range of technical processes. Often the state of the iron
or iron oxide surface is important for controlling reactivity. Here, the reduction of the trichloroacetate anion may be
regarded as a model system for the reductive electro-dehalogenation process at active iron surfaces in the presence
of fluoride.
In Figure 3A cyclic voltammograms are shown recorded at a 3 mm diameter boron-doped diamond electrode
immersed in a solution of 10 μM FeF63- in 1 M NH4F in the absence (i) and in the presence (ii) of 1 mM 
trichloroacetate. In the absence of FeF63- no direct reduction response is observed even in the presence of higher
concentration of trichloroacetate. The cathodic current in Figure 3A(ii) is therefore catalytic.  The trichloroacetate
reduction commences at a potential of ca. -0.8 V vs. SCE and then with increasing electro-deposition of iron the
current increases at more negative potentials. Increasing the trichloroacetate concentration also increases the 
cathodic current. In the presence of trichloroacetate the iron stripping response is suppressed. In the presence of
ultrasound (see Figure 3B) cathodic currents are further increased. The cathodic peak feature at ca. -0.6 V vs. SCE is 
indicating a higher catalytic activity close to the potential where iron stripping would be observed in the absence of
trichloroacetate. The noise level on the sonovoltammograms for trichloroactetate reduction is relatively low and
therefore consistent with a process dominated by the kinetic rate of a chemical reaction step rather than by mass
transport. The highest cathodic current observed for the reduction of 1 mM trichloroacetate, -0.75 mA cm-2, is in
first approximation consistent with a process with n | 1 (assuming mass transport control). However, this appears
unreasonable and further experiments with dichloroacetate and monochloroacetate (not shown) which also result in 
catalytic cathodic currents in the presence of iron suggest (consistent with literature reports [15]) that overall a 
stepwise multi-electron reduction and dechloronation ultimately down to acetate (equation 1) is likely to occur.
 l 3OH(aq)3ClCCOH6eO3H(aq)CCOCl 23223 (1)
These processes have been observed in the presence of added FeF63- and they rely on iron deposition prior to
electrocatalysis. However, perhaps surprisingly, the catalytically active deposit of iron is often not fully removed
during the anodic stripping process and stable oxide films may form.
3. Conclusion
It has been demonstrated that iron is reversibly electro-deposited and stripped at boron-doped diamond electrodes
immersed into aqueous 1 M NH4F solution. A very sensitive stripping response is obtained even at very low
concentrations of FeF63- and the effects of concentration, deposition time, and deposition potential have been
reported. The iron deposit has been demonstrated to provide electro-catalytic activity towards cathodic
dehalogenation processes. Processes such as the reduction of trichloroacetate are facile in the presence of iron at the
boron-doped diamond electrode surface. Further work on this system for potential analytical applications and on the 
benefits of iron for clean sonoelectrocatalytic dehalogenation or decontamination processes is in progress.
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